INTRODUCTION
Eggshell quality has always been a critical parameter in the egg industry, and has become even more important with the automation of the production system. Eggs with poor eggshell quality cause losses both to the farmers and the egg-processing industries because those eggs cannot be marketed or have low market value, reducing profitability and increasing food waste . Therefore, it is essential to regularly evaluate eggshell quality in order to identify problematic flocks and to take corrective actions. To this end, many researchers have developed methods to determine eggshell quality and strength (Jones et al., 2010; Mertens et al., 2010) .
The eggshell quality evaluation methods currently applied can be divided in direct methods, which require breaking the eggs, and indirect methods, which do not require eggs to be broken (Roberts, 2004) . Indirect methods apply sophisticated equipment, such as texturometers or Digital Egg Tester ® . Alternatively, simple measurements can be made, including the visual evaluation of eggshell defects and the determination of egg specific gravity, eggshell percentage, eggshell weight per unit of surface area, as well as candling (Coutts et al., 2007; Oliveira & Oliveira, 2013) .
The eggshell protects the eggs during collection, automatic grading, and transportation, and eggshell breaking strength (EBS) is considered the most reliable indicator of eggshell quality. The procedure to determine EBS is simple and fast, and is typically made using a texturometer. However, the results may vary according to the diameter of the probe that is used to break the eggs.
Other factors that may also influence EBS evaluation are the compression ratio and response time of the equipment used to determine compression and deformation, as well as eggshell moisture content and even the texture of the surface of the analyzer that is in contact with the egg (Hamilton, 1982) . The position of the egg at the time of analysis may also influence EBS determination as the strength applied at the extremities (poles) may be different from that applied the equatorial region of the egg (Jones, 2006) .
The texturometer and other electronic analyzers available on the market are expensive, and many producers choose not to acquire them. Thus, eggshell quality assessments can be performed using other existing methods.
In this context, the objective of the present study was to define the most suitable probe diameter and the best egg position to perform the eggshell breaking strength test using a texturometer, and to identify the most reliable eggshell quality parameter to estimate eggshell quality when electronic devices are not available.
MATERIALS AND METHODS
All the applied procedures were approved by the Committee on Ethics in the Use of Animals -CEUA/ FMVZ, process No. 0010/2017.
The experiment was carried out at in the Egg Analysis Laboratory of the School of Veterinary Medicine and Animal Science of São Paulo State University (UNESP), Botucatu, state of São Paulo, Brazil, locate at 22°51'44" South latitude and 48°25'47" West longitude.
A completely randomized experimental design was applied, with three treatments with 30 replicates of one egg each, totaling 2520 eggs. The three treatments consisted of 2-, 10-, or 75-mm probe diameters, two egg types (white or brown) with seven specific gravity values (1.070, 1.075, 1.080, 1.085, 1.090, 1.095 and 1.100g/cm 3 ), and broken in two different positions (horizontal and vertical).
The evaluation of the most adequate probe diameter and eggshell quality parameter were based on average egg specific gravity value (1.085 g/cm³).
Different probe diameters (2-, 10-and 75-mm) on the contact surface of the texturometer (model Texture Analyzer TA.XT Plus, Stable Micro Systems, UK) were tested (Figures1 and 2). Eggs were placed on the flat platform of the equipment always in the same position in order to ensure the standardization of the procedure. A pre-test velocity of 2.0 mm/s, test speed of 1.0 mm/s, and post-test velocity of 4.0 mm/s were applied. The following characteristics were evaluated: egg specific gravity (ESG; g/cm³); eggshell breaking strength (EBS; kgf); eggshell weight (ESW; g); eggshell weight relative to egg weight (ESRW; %), eggshell thickness (EST; mm), and shell weight per unit surface area(SWUSA; mg/cm²) (Abdallah et al., 1993) .
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RESULTS AND DISCUSSION
The results below are presented separately according to egg type, white or brown. Table 1 shows the eggshell quality parameter results of white eggs positioned horizontally and vertically relative to the contact platform of the texturometer as a function of probe diameter.
The only eggshell quality parameter influenced by probe size was eggshell breaking strength (EBS) both in horizontally-and vertically-positioned eggs. This result suggests that EBS is the most accurate indicator of eggshell quality compared with other parameters.
Eggs evaluated using the 2-mm probe showed lower EBS value (p<0.05) compared with the 10and 75-mm probes in both positions. Possibly, the 10-and 75-mm probes broke larger eggshell areas than the 2-mm probe. However, although the 75mm probe is larger than the 10-mm probe, they both probably broke similar surface areas due to the convexity of the eggshell, and therefore generated similar EBS values. Mean EBS values were significantly higher (p<0.05) in vertically-positioned eggs compared with the horizontally-positioned eggs during the test. This result is in agreement with the findings of Silva et al. (2012) , who recorded higher EBS in vertically-positioned eggs from layers submitted to different environmental conditions. Zhang et al. (2016) , in a study on the geometric and mechanical properties of goose eggs, also observed that eggs positioned vertically in relation to the probe presented higher EBS values.
These findings may be attributed to the influence of the eggshell structural composition. The structural composition of the eggshell, egg shape, and eggshell thickness are the main factors influencing EBS (Anderson et al., 2004; Bain, 2005) . Eggshell thickness is not uniform: eggshells are typically thicker at the sharpend of the egg, and thinner in the equatorial region, where the measurement is performed, whereas the blunt end has intermediate thickness (Abdallah et al., 1993; Baião & Lúcio, 2005) . Rodriguez-Navarro et
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eRBCA-2019-1046 al. (2002) evaluated the microstructures that compose the eggshell and observed that calcite crystals are perpendicularly oriented to the equatorial region of the egg, and that the degree of orientation and size of those crystals directly influenced EBS: eggs with lesser degree of orientation presented higher EBS, and eggshell thickness increased with crystal size, resulting in higher EBS. Table 2 shows the eggshell quality results obtained in brown eggs positioned horizontally and vertically relative to the contact platform of the texturometer as a function of probe diameter. The results obtained in brown eggs were similar to those recorded in white eggs. The only eggshell quality parameter that was influenced by probe diameter was EBS, which value was lower (p<0.05) compared with the 10-and 75-mm probes.
However, differently from white eggs, the EBS of brown eggs was not affected (p>0.05) by egg positioning in the equipment. It is possible that the brown eggs evaluated in the vertical position were rounder than those in the horizontal position, which may have effectively offset the effect of the positioning factor. Altuntas & Sekeroglu (2008) , evaluating the influence of egg shape on EBS, determined that the eggshell of the more rounded eggs require lower compression force to be broken, and stated that EBS depends on the compression speed, with lower speeds requiring higher compression force.
The calculation of all eggshell quality parameters measured using the texturometer were based on average egg specific gravity. For this reason, the coefficient of variation was zero.
It was also observed that the 75-mm probe provided lower coefficient of variation than the other probe diameters for all evaluated parameters. Greater probe diameters have larger contact areas, providing less variation in the results. If an egg has a more rounded surface, or if a greater diameter probe is used, the contact area with the probe is larger, probably resulting in higher EBS values and lower coefficient of variation. Therefore, the 75-mm probe is the most suitable for this particular analysis.
Correlations between eggshell quality parameters
As previously mentioned, the objective of this study was to evaluate the correlations among eggshell quality parameters and to identify which has the highest positive correlation with EBS, as this is considered the most reliable indicator of eggshell quality.
The results obtained using the texturometer showed that the most suitable probe diameter to evaluate EBS was 75 mm, and therefore, only the results obtained with the use of this probe are discussed and presented separately according to egg type (white or brown). Table 3 shows Pearson's correlation coefficients among eggshell quality parameters of white eggs positioned horizontally and vertically in the texturometer.
All evaluated correlations yielded positive values, both in horizontally-and vertically-positioned eggs. These results are in agreement with the positive coefficients obtained by other authors (Frank et al., 1964; Abdalah et al., 1993; Furtado et al., 2001) when evaluating the same eggshell quality parameters in evaluations.
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When considering the EBS of horizontallypositioned eggs, the highest coefficient of correlation was obtained with shell weight per unit surface area. The second highest coefficient of correlation was with egg specific gravity, followed by eggshell percentage. In vertically-positioned eggs, the highest coefficient of correlation was obtained with eggshell percentage, followed by shell weight per unit surface area and egg specific gravity. These results are in line with and support those observed by other authors. In the study of Narushin et al. (2004) , the highest correlation coefficient was obtained between EBS and eggshell percentage. Abdalah et al. (1993) , measuring the association of eggshell quality parameters with the percentage of cracked eggs, also found the highest correlation between eggshell percentage and shell weight per unit surface area. In addition, Nordstrom & Ousterhout (1982) argue that shell weight per unit surface area can be used more efficiently than the other measurements to compare eggshell quality in broiler breeder flocks of different ages. Table 4 shows the Pearson's correlation coefficients among eggshell quality parameters of brown eggs positioned horizontally and vertically in the texturometer.
As observed in white eggs, positive correlation coefficients were determined between all eggshell quality parameters of brown eggs. The highest correlation coefficient was obtained between shell weight per unit surface area and eggshell percentage. It was also observed that shell weight per unit surface area presented the highest correlation coefficients with all evaluated parameters, independently of egg position. In eggs evaluated in the horizontal position, shell weight per unit surface area showed the highest coefficient of correlation with EBS, as observed with horizontally-positioned white eggs, followed by eggshell percentage and egg specific gravity.
When considering EBS of vertically-positioned eggs, the highest coefficient of correlation was obtained with egg specific gravity, followed by shell weight per unit surface area and eggshell percentage, both presenting the same coefficient values.
These results are consistent with those of Charles & Strong (1988) , who showed that egg specific gravity and eggshell percentage can be used to estimate egg shell quality and have a negative correlation with the incidence of broken eggs.
The obtained coefficients of correlation indicate that, independently of egg positioning, all evaluated egg quality parameters are strongly correlated. Therefore, when it is not possible to perform the eggshell breaking strength test, shell weight per unit surface area provides the best estimate of egg quality, particularly in horizontally-positioned eggs,
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CONCLUSION
The results of the present study showed that the most suitable probe diameter to analyze egg shell breaking strength is 75 mm, independently of egg positioning or type.
When evaluating egg shell breaking strength of white eggs, it is recommended to position the egg vertically in relation to the contact probe, whereas in brown eggs, either horizontal or vertical positioning can be used.
When it is not possible to evaluate eggshell quality using electronic devices, the measurement of shell weight per unit surface area is recommended.
